Introduction
M O L # 9 6 0 1 6 5 leishmaniasis (Adapala and Chan, 2008) and certain bacterial infections (Marathe et al., 2012) , in part by suppressing type I immunity (Adapala and Chan, 2008; Kang et al., 1999) .
While the available evidence thus suggests predominantly indirect effects of curcumin against parasitic infections, curcuminoids with much improved activity against the human malaria parasite P. falciparum (Mishra et al., 2008; Manohar et al., 2013) , Leishmania mexicana amastigotes and L. major promastigotes (Changtam et al., 2010a) , experimental L.
amazonensis infections (Alves et al., 2003) , and Trypanosoma brucei (Changtam et al., 2010a) have recently been reported. In particular, a series of monoketo enone curcuminoids displayed highly promising in vitro activity against T. brucei bloodstream forms (Changtam et al., 2010a) . In the current manuscript we investigate the mode of action of these compounds, and whether they act through a different mechanism than the parent compound curcumin.
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Materials and Methods

Trypanosome Strains and Cultures. T. b. brucei bloodstream forms of strain Lister 427
were cultured at 37 °C and under a 5% CO 2 atmosphere, exactly as described previously (Gudin et al., 2006) , in HMI9 media (Invitrogen) supplemented with 10% fetal bovine serum (FBS; BioSera, Ringmer, UK). Strains adapted to curcumin or its analog AS-HK014 analogs were derived from s427 through in vitro exposure to increasing levels of the agent over several months, as described for diminazene (Teka et al., 2011) and pentamidine (Bridges et al., 2007) . Clonal populations were obtained by limiting dilution.
Drug sensitivity assays. Sensitivity of trypanosome cultures to curcumin and its analogs was determined using the redox-sensitive indicator dye Alamar blue (resazurin sodium salt, Sigma) as described (Rodenko et al., 2007) . The assay was performed in white 96-well plates, each of which contained 2×10 5 cells and the appropriate drug (at doubling dilution) in 200 µl HMI-9/FBS. After 48 h of incubation (37 °C/5% CO 2 ) 20 µl of sterile resazurin solution (125 µg/ml in phosphate-buffered saline (PBS)) was added to each well, followed by a further incubation of 24 h. Fluorescence was read in a FLUOstar Optima (BMG Labtech; 9 cells with compromised cell membrane integrity (Gould et al., 2008) . The assay was performed in 96-well plates with doubling dilutions of the test compounds (as well as no-drug controls), 9 µM propidium iodide and 5×10 6 cells/ml in a FLUOstar Optima fluorimeter fitted with environmental controls (37 °C, 5% CO 2 ) (Ibrahim et al., 2011) .
Western blotting. Log-phase bloodstream forms of T. b. brucei were resuspended in PBS at 10 6 ml -1 and lysed in 300 µl lysis buffer (20 mM MOPS pH 8.0, 4 mM MgCl 2 plus Roche
Complete Protease Inhibitor Cocktail (Roche Diagnostics, Germany)), vigorously mixed, and flash frozen in liquid nitrogen; freeze/thaw cycles were repeated three times before cell debris was removed by centrifugation (13,000×g, 3 min) . Protein content in the resulting lysates was determined using the Bradford method and 40 µg of protein from each sample was heated at added. The reaction was stirred at ambient temperature (30 ºC -32 ºC), and the reaction was observed by thin layer chromatography. The plate was developed using an anisaldehyde reagent, followed by heating on a hot plate in order to visualize spots. After 15 min stirring, an apparent reaction product was detected by TLC and stirring continued for 7 h. The reaction mixture was concentrated and the aqueous solution was washed with dichloromethane (3 × 10 ml). Acetone (2 ml) was added and the solution was left to stand.
The colorless amorphous solid which separated out was filtered, washed with water-acetone and dried to yield the adduct (75 mg, 31%).
The reaction product of glutathione and AS-HK014 yielded a white solid with a 28.9 (C-1), 31.4 (C-1′″ and 7′″), 31.6 (C-7), 35.8 (C-6), 39.7 (C-5), 43.2 (C-4′″), 43.8 (C-2), 47.6 (C-4), 53.3 (C-2′″), 54.1 (C-9′″), 55.8 (OCH 3 × 2), 112.6 (C-2′, C-2″), 115.3 (C-5′, C-5″), 120.8 and 120.9 (C-6′, C-6″), 133.2 (C-1′), 133.9 (C-1″), 142.9 (C-4′), 143.1 (C-4″), 147.22 and 147.29 (C-3′, C-3″), 171.5 (C-3′″), 173.8 and 174.5 (C-6′″, C-10′″), 175.8 (C-5′″), Table 1 ). The concentration was systematically increased over many passages until the maximum tolerated concentration was reached;
resumption of normal growth signaled adaptation and a further increase in the drug concentration. After 11 months, the concentration of curcumin reached only 8 µM, indicating an inability of T. brucei to meaningfully adapt to curcumin. For AS-HK014, the maximum tolerated concentration in culture eventually reached 4.5 µM (supplementary Fig 1A) . Figure   1 shows that, whereas the long-term exposure to curcumin did not significantly change the curcumin EC 50 value, the value for AS-HK014 was 28-fold (P<0.001) increased in the adapted line, which was named TA014. In vitro growth rates of WT 427 and TA014 trypanosomes were identical (supplementary Fig 1B) .
Interestingly, the TA014 line was not cross-resistant to curcumin (P>0.05; Table 1 ) and indeed only showed cross-resistance to other analogues bearing the exact same mono-enone linker between the two aryl groups, with resistance factors of 4.7 -5.2. Although this level of tolerance is modest, it was highly significant (P<0.01) in all cases regardless of substituents on the aromatic rings, and not significant in analogs with any other linker, even with those having a higher number of conjugated olefinic groups such as AS-HK015, AS-HK017 and AS-HK118 (Table 1 ). This clearly establishes that the mono-enone analogs have a mode of action that is distinct from all the other curcumin analogs.
Effects of ASHK014 on T. b. brucei growth and survival. In order to investigate the mechanism of action of the mono-enone curcumin analogs, it is necessary to establish how This article has not been copyedited and formatted. The final version may differ from this version. Cultures of s427WT and TA014 were incubated with either 150 nM or 500 nM AS-HK014, or without drug (control), and samples were taken over a 24-h period for cell counting. WT cells were highly sensitive to the compound, with 150 nM resulting in growth arrest, and 500 nM causing complete lysis of the cell population at the first (4 h) time point (Fig. 2A) ; neither concentration had much effect on TA014 growth (Fig. 2B ) and we thus assessed the effects of a larger range of concentrations in real time over a period of 8 h, using an assay based on the cellular penetration of the fluorophore propidium iodide (Gould et al., 2008) . This allowed us to establish that s427WT cells succumb to AS-HK014 at concentrations ≥ 500 µM in approximately 40 min and to as little as 250 µM in 3 h, whereas 100 nM had no measurable effect on cellular integrity over the course of the 500 min experiment (Fig. 2C ). TA014 cells were vulnerable to 4 µM, with lysis completed in approximately 3 h, and partly sensitive to 1.5 µM AS-HK014, with effects becoming apparent after 4 h (Fig. 2D ). Curcumin only started to affect plasma membrane integrity after 4h and only at concentrations
Assessment of the effects of curcumin and AS-HK014 on plasma membrane conductance and signaling in wild-type T. brucei.
It has previously been reported that curcumin, and several other common phytochemicals such as EGCG from green tea, exerts a non-specific effect on biological membranes and generally interact with many membrane proteins rather than a specific target (e.g. Ingolfsson et al., 2014). There is certainly evidence to support this, yet this does not necessarily negate the many reports of beneficial medical and physiological effects of curcumin and green tea or imply that these compounds impact on membrane integrity at therapeutic levels. In order to M O L # 9 6 0 1 6 1 3 assess the effects of curcumin and the mono-enone analogs AS-HK014 and AS-HK096 on plasma membrane potential and calcium conductance as well as on intracellular levels of cAMP as a further indicator signaling events that could be triggered by non-specific activation of membrane proteins. None of the test compounds had any effect on calcium conductance (Fig. 3) , or plasma membrane potential (Supplementary Figure S2) Figure S3 ).
Several ionophores with well-described effects on the plasma membrane potential or proton- Figure S3) .
Metabolomic analysis of the action of AS-HK014 on T. b. brucei. In order to measure early effects of AS-HK014 on s427WT trypanosomes, we incubated a culture of these cells with and without 200 nM AS-HK014 for 30 minutes. This is a sufficient concentration to impact on the cells, but the incubation was terminated, and the metabolites extracted, well before the test compound had a measureable effect on cell survival or plasma membrane integrity (Fig   2A,C) . The specificity of the metabolic changes observed was evaluated by comparison with an identical analysis of TA014 cells incubated with the same concentration of AS-HK014 in parallel.
This article has not been copyedited and formatted. The final version may differ from this version. 1. Wild-type s427 cells. As we used untargeted metabolomics there was no a priori assumption on a mechanism of action and the entire metabolome was analyzed to the limit of the technology. A global overview of most-changed metabolites shows that AS-HK014 impacted strongly on intracellular thiol levels (Fig. 4) , with trypanothione content reduced by >99%, and glutathione and S-glutathionyl-L-cysteine levels reduced by >90% in AS-HK014-treated WT cells, relative to non-treated controls. In the subsequent metabolomic analyses described below the cellular levels of the relevant thiols (cysteine, glutathione and trypanothione) were determined by a modification of the monobromobimane method (Fahey & Newton, 1983; Fairlamb et al., 1987) . This method can derivatise intracellular sulfhydryls, to prevent their oxidation and allow detection of both oxidised and reduced forms of intracellular thiols.
The relevant pathway (supplementary Fig S4) starts with the biosynthesis of glutathione from three amino acids: cysteine, glutamate and glycine. Two molecules of glutathione are then coupled consecutively to spermidine to form trypanothione, the main trypanosome thiol. In WT trypanosomes, treatment with 200 nM of AS-HK014 for 30 min led to very clear reductions in thiol levels ( Fig. 5 ). Trypanothione levels, both in reduced form (detected as dimonobromobimane adduct (di-mBBr)) and as disulfide, were dramatically reduced under these conditions (to 12 ± 3% (P<0.01) and 6 ± 2% (P<0.001), respectively). Similar reductions in glutathione mBBr (P<0.01), S-glutathionyl-L-cysteine (P<0.02) and glutathionylspermidine mBBr (P<0.01) were also observed, opening the strong possibility that biosynthesis of trypanothione was inhibited due to a depletion of glutathione. Further upstream, there were small but significant reductions in the levels of L-cysteine mBBr and of glycine (both P<0.05), but there was no change in glutamate levels ( Fig. 5 ). All three of these amino acids are present at high levels in the HMI-9 culture medium so any changes might be difficult to unearth with the conditions used. In addition, the pathway leading up to spermidine (supplementary Fig S5) was analyzed. There was no change in spermidine levels upon treatment with AS-HK014, nor in any of the metabolites of its biosynthesis pathway:
ornithine, S-adenosyl methionine (S-AdoMet) and putrescine ( Fig. 5 ). Furthermore, there was no significant change in the level of 5'-methylthioadenosine (data not shown), the reaction product after the aminopropyl donation by S-AdoMet in the synthesis of spermidine.
The above shows that the only metabolomic perturbations upon incubation with AS-HK014
were the dramatically reduced levels of thiols, whereas the constituent metabolites in their biosynthetic pathways displayed at most very minor changes. This contrasts with treatment of the same trypanosome strain with the inhibitor of ornithyl decarboxylase, eflornithine, which resulted in rapid changes in intracellular levels of putrescine, ornithine (and both of their acetylated forms) and 5'-thioadenosine metabolites (Vincent et al., 2012) .
One explanation for the rapid depletion of thiols would be the reaction with AS-HK014 to form a stable adduct. This type of mechanism has been proposed for melarsoprol, which forms the trypanothione adduct Mel-T (Fairlamb et al., 1989) , which in turn inhibits trypanothione reductase (Cunningham et al., 1994) . Mel-T can be exported from the cells by ABC transporters (Shahi et al., 2002) . Unlike ASHK-014, however, melarsoprol treatment does not significantly decrease the cellular trypanothione concentration (Fairlamb et al., 1992) , presumably because it is used at a much lower concentration than AS-HK014. Stable adducts were indeed found in AS-HK014-exposed trypanosomes, both with trypanothione and glutathione (Fig. 6 ). However, the adducts were observed not only in cells exposed to AS-HK014 for the 'standard' 30 min at 37 °C, but also when AS-HK014 was added after 30 min drug-free incubation and the cells had been rapidly cooled to 4 °C in a dry-ice/ethanol bath; these cells were then immediately processed for metabolite extraction (quenched cells).
Indeed, the levels of adduct were similar in the incubated and in the quenched cells, showing clearly that the AS-HK014 reaction with thiols is a rapid chemical reaction with free thiols, rather than an enzymatic reaction.
This article has not been copyedited and formatted. The final version may differ from this version. 2. TA014 cells. The entire metabolomic analysis was performed in parallel with the AS-HK014-resistant line TA014 as well. The same trend on thiol levels as in WT T. b. brucei was apparent (Fig. 5 ), but none of the reductions in thiol concentrations reached significance under the assay conditions of 200 nM for 30 minutes -consistent with the lack of impact that this concentration has on the TA014 cells. More interesting was that the levels of thiols, polyamines, relevant amino acids and 5'-thioadenosine metabolites were all statistically identical in unexposed WT, unexposed TA014 and AS-HK014 exposed TA014 cells (Fig. 5 ).
This shows that the resistance adaptation was not the result of significantly higher cellular levels of trypanothione and/or glutathione. Nor was AS-HK014 accumulation prevented (loss of import transporter or expression of export transporter), as AS-HK014 levels (detected intact or as a C 10 H 10 O 2 MS-generated fragment) were statistically identical in wild-type and resistant cells ( Supplementary Fig. S6 ). Furthermore, much higher levels of glutathione (P<0.05) and trypanothione (P<0.02) adducts were found in AS-HK014 exposed TA014 cells than in WT trypanosomes (Fig. 5) , possibly reflecting the higher thiol levels present in the exposed TA014 cells. This observation provides strong confirmation that it is not the adduct that is deleterious to the cells and is consistent with the diffusion model of AS-HK014 uptake, driven by adduct formation. Yet, in the resistant cells, the thiol depletion is minimal, indicating an increased capacity of cells to maintain their glutathione and trypanothione levels in the presence of the drug.
Metabolomics of curcumin.
A highly similar metabolomics analysis was subsequently performed using 3 µM curcumin on wild-type or TA014 cells and a 30 minute or 5 h incubation time; AS-HK014 was used as a positive control. Whereas AS-HK014 again had profound effects on thiol levels, particularly glutathione and trypanothione, there was no effect of curcumin on thiol levels.
This article has not been copyedited and formatted. The final version may differ from this version. Indeed, no clear pattern on the composition of the metabolome was apparent (data not shown).
Adduct 2 from chemical reaction between glutathione and AS-HK014. AS-HK014
reacted with glutathione to form adduct 2 in 31% yield (Fig. 7) . It should be noted that, without the buffer, only a very small quantity of the adduct 2 was detected after 7 h stirring at the same temperature. The rate of addition reaction increased with increased temperature. The structure of the adduct 2 was elucidated by spectroscopic methods. Negative ion electrospray mass spectrum (ESMS) showed the [M Tb427.07.4000) (see Fig. S4 ). As the adaptation in TA014 giving protection to AS-HK014
was connected with thiol levels, we used polymerase chain reaction (PCR) to verify the presence of both genes in trypanosome wild-type and resistance lines. Bands of the expected size were amplified from both strains (Fig. 9A) . The PCR products were cloned, and amplified in E. coli. For each reaction, 9 colonies were picked and the inserts were sequenced. Both genes were heterozygous in the wild-type and in the TA014 strains, but no allelic differences were observed between the two strains. Coding polymorphisms in γ -GCS were G63S, G237S, L477V and T670K (allele-1/allele-2). For GS, the only coding difference between the two alleles was N523T.
Analysis of protein levels of glutathione synthetase and γ -glutamylcysteine synthetase.
As the sequence analysis detected no mutations in the GS and Western blot. There were no detectable differences in the protein levels of the two strains and the protein levels were not changed by the treatment with AS-HK014 (Fig. 9B ).
This article has not been copyedited and formatted. The final version may differ from this version. linker displayed similar activity. However, a realistic optimization strategy would require knowledge of the mechanism of action, both for curcumin and for the enone analogues.
In the current paper, we establish that curcumin and AS-HK014 do not have the same mechanism of action. First of all, we were unable to induce resistance to curcumin, although we have previously had much success with this strategy (Bridges et al., 2007; Gould et al., 2013; Ali et al., 2013; Eze and De Koning, unpublished) , and we were able to induce resistance to AS-HK014 without problems. More importantly, the resultant AS-HK014-M O L # 9 6 0 1 6 2 1 resistant strain was not cross-resistant with curcumin, a clear indication of a different mode of action. Furthermore, incubation of wild-type trypanosomes with AS-HK014 rapidly and specifically depleted cellular thiol levels, including glutathione, S-glutathionyl-l-cysteine, glutathionylspermidine, and trypanothione, whereas curcumin had no effect on these metabolites. Thus, the much higher trypanocidal activity of AS-HK014, relative to curcumin, is not the result of an improved interaction with the same target, but rather the result of interaction with a different or additional target, i.e. trypanosomal thiol metabolism.
In contrast, the observations that (1) resistance to curcumin could not be induced in vitro, and (2) that the compound had no specific effect on the metabolome, seem to suggest that its trypanocidal action was multifactorial and not very specific. As curcumin displays a very similar low micromolar activity against a number of protozoa in vitro, including We thus propose the possibility that the main antiprotozoal activity of curcumin may be through its effects on membrane fluidity and function, whereas the principal activity of many synthetic curcuminoids is unrelated to this mechanism. However, curcumin did not affect plasma membrane integrity very rapidly: neither curcumin nor AS-HK014 affected plasma membrane potential over 15 minutes, or intracellular calcium levels over 20 minutes, at >10×EC 50 concentrations. Although curcumin did affect plasma membrane permeability in the propidium iodide fluorescence assay (≥5×EC 50 , >4 h), we cannot exclude the possibility that this reflects cell death by a different mechanism, unrelated to membrane fluidity. We also find no evidence that mono-enone curcuminoids have a deleterious effect on plasma This article has not been copyedited and formatted. The final version may differ from this version. The untargeted metabolomics analysis, however, gave a very clear indication of the AS-HK014 mechanism of action. The cellular levels of all major thiols including cysteine were significantly reduced after treatment with this compound, whereas this did not happen in the AS-HK014-resistant line TA014. No other significant changes were observed in the metabolomic analysis. A possible explanation for these observations is that AS-HK014 directly oxidizes thiols. This was tested by including glutathione in the trypanosome culture medium, which dose-dependently inhibited the activity of AS-HK014, but not of curcumin.
The chemical reaction was confirmed by mixing glutathione and AS-HK014 together at ambient temperature, and the product was identified.
We thus conclude that AS-HK014 undergoes a rapid chemical reaction with reactive intracellular thiols, particularly glutathione and trypanothione, effectively depleting these essential thiols and leading to, or strongly contributing to, cell death. It is possible that the compound furthermore reacts with additional thiols, perhaps in proteins, leading to irreversible inhibition of the function of these proteins. This mechanism of action is highly reminiscent of the mechanism of action of the melaminophenyl arsenical class of trypanocides, which also form a stable adduct with trypanothione; again this adduct is the only metabolic change detected in treated trypanosomes (Fairlamb et al., 1989) . The authors of that study concluded that the adduct itself could well be the toxic agent, responsible for the selective activity of these organo-arsenic compounds, as the adduct was an inhibitor of the essential enzyme trypanothione reductase (Fairlamb et al., 1989) . We conclude that although mono-enone curcuminoids like AS-HK014 may react non-selectively with glutathione, the This article has not been copyedited and formatted. The final version may differ from this version. evidence shows that they could still induce rapid and selective lysis of T. brucei spp, most likely through adduct formation with trypanothione.
As curcuminoids may be able to efficiently diffuse into the cells (AS-HK014 has a cLogP of 3.84; ChemDraw Pro 10.0, CambridgeSoft), it is highly likely that uptake is driven by the reaction with trypanothione, and continues until thiol content is effectively depleted.
However, observed adduct levels in the treated cells were not greater than those obtained from unexposed, quenched cells, which did not exhibit significant thiol depletion. This suggests that the adduct may undergo metabolic degradation, or possibly complexes/reacts further with an intracellular target. The metabolomics data does not provide any direct evidence for either pathway, as no novel metabolite signals were specifically enriched in cells exposed to drug for 30 minutes.
As an alternative to thiol depletion directly by chemical reaction with AS-HK014, the depletion could be explained by inhibition of glutathione synthesis, but it is unlikely that this mechanism alone would cause such a dramatic effect on the total thiol pool within 30 This article has not been copyedited and formatted. The final version may differ from this version. 
